Abstract. The interaction cross-sections of neutron-deficient Ar and Kr isotopes were precisely measured using the fragment separator FRS at relativistic energies. Based on Glauber model analysis, effective root-mean-square matter radii of these nuclei were determined. Using charge radii obtained from isotope-shift measurements, an evolution of proton skins for Ar isotopes is clearly shown. A systematics of the matter radii in the mass region A ∼ 70 is also discussed.
INTRODUCTION
Precision measurements of the interaction cross-sections (σ I ) at relativistic energies of ∼1 A GeV allow us to derive nuclear matter radii [1] . Since nuclear matter radii are directly related to the density distributions, measuring the interaction cross-sections is a good tool to search for unusual nuclear structures, such as halo and skin. We successfully determined nuclear matter radii of unstable nuclei in the light neutron-rich region [2, 3, 4, 5, 6] . Such systematic studies have shed light on the discovery of a new magic number, N = 16 [7] .
Under the condition that charge radii are known from the measurements like electron scattering, isotope shifts and muonic X-rays, the proton and neutron radii can be separated to obtain the skin thickness, radial difference between the proton and neutron distributions in nuclei. The evolution of neutron skins in the neutron-rich Na isotopes has been clearly demonstrated for the first time [2] . However, details have not been studied so far on proton skin. In this paper we present the evidence for proton skins in protonrich Ar isotopes [8] and preliminary results of recent measurements on Kr isotopes. For both isotopes the charge radii were precisely determined by isotopes shift measurements at CERN ISOLDE [9, 10] .
Concerning neutron-deficient Kr isotopes, recent Coulomb-excitation experiments [11, 12, 13, 14] have indicated large deformations in this region, and even evidence of shape coexistence for 72,74 Kr. Nuclear matter radii would provide macroscopic information to account for such ground-state properties of these nuclei. The challenge was to precisely measure the interaction cross-sections for the mass region A ∼ 70, which was much heavier than that studied in our previous experiments. High-resolution detectors were needed to be developed.
EXPERIMENTS
The experiments were performed at the fragment separator FRS at GSI Darmstadt [15] . The details of the experiments are described in Ref. [8, 16] . The experimental setup for Kr isotopes is sketched in Fig. 1 . We developed high-resolution time-of-flight (TOF) counters and energy-loss counters in this experiment. At the first (F1) and second (F2) focus, we placed a scintillation counter to obtain start and stop signals for a TOF measurement, respectively. These counters consisted of a plastic scintillator (BC418, BC420) and photo-multipliers (R2083 Hamamatsu PMT). Two PMT were attached onto both ends of the scintillators via straight shaped light guides. Additional high voltages were applied to the last three dynodes of both PMTs to keep the amplification gain constant under the condition of a high rate of irradiation. The TOF resolution of 33 ps (FWHM) obtained for the primary beam, as shown in Fig. 2(a) , was sufficient to separate the mass number A of the particles of interest unambiguously.
The fragment atomic number Z was determined by an energy-loss (∆E) measurement with the ionization chambers, MUSIC [17] . The energy-loss spectrum of MU-SIC for the 80 Kr beam is shown in Fig. 2(b) . The ∆E resolution of 0.6% in σ was obtained, corresponding to a Z-resolving power of ∆Z = 0.33 (FWHM). Another ionization chamber, the titled-electrode gas ionization chamber (TEGIC) [18] developed at RIKEN, was placed at F4. TEGIC consists of a stacked configuration of grid-less parallel plate gas ionization chambers with thin anode-cathode gaps. The high-rate capability of this chamber was realized by adopting bipolar shaping of multi-sampled anode signals, and by a suitable choice of a counter gas, Ar-CH 4 (90%, 10%). A ∆E resolution of 1.0% in σ was obtained for the 80 Kr beam.
The position information obtained from the time projection chambers (TPC) [19] at foci F1 and F2 together with the magnetic field in the second dipole magnet gave Bρ of the fragments. This allowed us to calculate A/Z and Z from Bρ, TOF, and ∆E, providing complete particle identification. The setup and particle identification at F4 was essentially the same as that at F2.
The principle of the measurements was based on the transmission method. A carbon reaction target was placed at F2. The first and second half of the FRS were used as a spectrometer to identify incoming and outgoing particles, respectively. The interaction cross-section is derived from the equation
where Γ is the ratio of the numbers of non-interacting outgoing particles relative to the incoming particles. Γ 0 is the same ratio for an empty target measurement, which cancels out spurious effects caused by unwanted events reacted in the detectors; t denotes the thickness of the carbon target. In order to ensure full transmission in the second half of the FRS, a small emittance cut was applied for the incident beams based on the position information of TPC at F2.
RESULTS AND DISCUSSIONS

Ar isotopes
Based on the Glauber model in the optical-limit approximation [20] , the effective rootmean-square (rms) matter radii (R m ) are deduced from the interaction cross-sections. The Glauber model describes the reaction cross-section (σ R ) as 
where T (b) is the transmission function, and b is the impact parameter; σ NN represents the total nucleon-nucleon cross-sections, and ρ z i is the z-integrated density distribution for the target (i = T ) or the projectile (i = P). It should be noted that the interaction cross-sections are almost equal to the reaction cross-sections (σ R = σ I + σ inelastic ) at the high-energy limit, σ I σ R [8] .
For a carbon target, the Harmonic-Oscillator type density distribution was applied, which reproduced the densities of light nuclei well. For the projectiles, a Fermi-type function was employed as the density distribution,
where R and a are the half radius and the diffuseness parameter, respectively. We fixed the diffuseness parameter to be a = 0.507 fm for all Ar isotopes, which is the same as that of stable 36 Ar [21] . The results of the effective rms matter radii of Ar isotopes are shown in Fig. 3(b) together with the proton rms radii in Fig. 3(a) . The proton radii (R p ) were obtained from the charge radii (R c ) measured by the isotope shifts [9] , using the relation R 2 p = R 2 c − 0.64. To determine the proton skin thickness, the neutron radii (R n ) were extracted from the relation
The results are shown in Fig. 3(c) . As shown in the figure, the proton skin thickness increases monotonically with decreasing mass number. For Na isotopes, a similar in- crease of neutron skins has been observed with increasing mass number [2] . Neutron as well as proton skins are quite common phenomena in unstable nuclei far from the stability.
Kr isotopes
The effective rms matter radii of Kr isotopes were deduced in the same way as Ar isotopes. A Fermi-type function was employed as the density distribution of Kr isotopes, and the diffuseness parameter was fixed to be a = 0.496 fm, which was obtained from the electron scattering experiment of 88 Sr [21] . Preliminary results of the rms matter radii of 72, 76, 80 Kr are shown in Fig. 4(a) together with the radii of Ga, Ge, As, Se, and Br measured at GANIL [22, 23] .
Recently, Lima et al. [22, 23] measured the reaction cross-sections of proton-rich Ga, Ge, As, Se, and Br isotopes at intermediate energies. They employed the target-telescope system of stacked silicon detectors surrounded by Ge detectors. It was observed that for all isotopes the rms matter radii tend to decrease as the mass number increased, even though the experimental uncertainties were relatively large due to efficiency corrections for the Ge detectors. The present result for Kr isotopes also supports this behavior of the matter radii. To make clear a systematic evolution of the radii, the isotone dependence of the rms radii for N = 36 is plotted in Fig. 4(b) . The dotted line shows the A 1/3 dependence of the radii normalized for Ga. It is clear that the rms radii increase monotonically toward the proton dripline. This is similar to that of the neutron-rich side, such as Li isotopes [20] , where the rms matter radii become larger with increasing neutron number.
We measured the interaction cross-sections of neutron-deficient Ar and Kr isotopes and determined their effective rms matter radii based on the Glauber model analysis in the optical-limit approximation. An evolution of proton skins for Ar isotopes was clearly demonstrated. It was shown that the effective rms matter radii around the mass A ∼ 70 at neutron-deficient side increase toward the proton dripline.
To establish the evolution of the rms matter radii and skin thickness for the proton-rich as well as the neutron-rich side, precision measurements of the interaction cross-sections of unstable nuclei are greatly encouraged.
